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Severe acute respiratory syndrome (SARS) caused by a newly identified coronavirus (SARS-CoV) is a serious 
emerging human infectious disease. In this report, we immunized ferrets (Mustela putorius furo) with recom- 
binant modified vaccinia virus Ankara (rMVA) expressing the SARS-CoV spike (S) protein. Immunized ferrets 
developed a more rapid and vigorous neutralizing antibody response than control animals after challenge with 
SARS-CoV; however, they also exhibited strong inflammatory responses in liver tissue. Inflammation in control 
animals exposed to SARS-CoV was relatively mild. Thus, our data suggest that vaccination with rMVA 
expressing SARS-CoV S protein is associated with enhanced hepatitis. 





Severe acute respiratory syndrome (SARS) is a serious 
emerging human infectious disease of the 21st century. The 
causative agent was identified and characterized as a new 
member of the family Coronaviridae, SARS-associated corona- 
virus (SARS-CoV) (8, 14). The first SARS outbreak was pri- 
marily contained by the means of quarantine. As evidenced by 
the recently reported new cases (http://www.wpro.who.int/sars 
/docs/pressreleases/pr_27122003.asp and http:/Avww.who.int/csr 
/don/2004_04-23/en/), it is almost certain that SARS-CoV re- 
mains a constant threat to public health. Efforts to develop 
SARS vaccine candidates are under way worldwide (9). Several 
recent reports have described studies on evaluation of SARS 
vaccine candidates in monkey and mouse models (1, 7, 15, 19). 
It has been shown that a recombinant adenovirus-based SARS 
vaccine candidate expressing SARS-CoV spike (S) and nucleo- 
capsid proteins could induce strong neutralizing antibody and 
T-cell responses in monkeys (rhesus macaques) (7). However, 
the protection potential was not evaluated by challenge exper- 
iment. The neutralizing antibody response induced by recom- 
binant modified vaccinia virus Ankara (rMVA) expressing 
SARS-CoV S protein (rMVA-S) has been shown to inhibit 
SARS-CoV replication in a mouse model (1). Since replication 
of SARS-CoV in mice can last only approximately 3 days 
postinfection, the memory immune response, which is essential 
for an effective prophylactic vaccine, is difficult to evaluate in 
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mice. In this communication, we evaluated the effects of rMVA-S 
in ferrets. 

Coronavirus S is the major antigenic protein responsible for 
inducing neutralizing antibody responses (4, 6), while MVA is 
a widely used recombinant poxvirus vector for development of 
safe and effective recombinant vaccines (11). We constructed 
rMVA-S using a standard protocol for construction of recom- 
binant poxviruses with the recombinant vector pJS5, provided 
by Bernard Moss at the National Institutes of Health (2, 5). 
The S gene was synthesized based on a SARS-CoV Tor2 iso- 
late (8) by reverse transcription-PCR (RT-PCR) with primer 
pair AGGCGAATTCATGTTTATTTTCTTATTATTTCTTA 
CTCTCACT (N terminus primer; EcoRI site in italics) and 
TATACCCGGGTTATGTGTAATGTAATTTGACACCCT 
TGAGAA (C terminus primer; Smal site in italics). Expres- 
sion of the S protein was confirmed with Western blot analysis 
using a specific monoclonal antibody against the SARS-CoV S 
protein (Fig. 1). 

Since it has been reported that ferrets were susceptible to 
SARS-CoV infection (10), we decided to use ferrets for an 
immunization-and-challenge study. Animal housing and ma- 
nipulations were approved by the Animal Care Committee of 
the Canadian Science Centre for Human and Animal Health 
and met the Canadian Council on Animal Care guidelines. Six- 
to 10-week-old male (castrated) ferrets were purchased from 
Marshall Farm Pet Supplies (Wolcott, N.Y.). Enzyme-linked 
immunosorbent assay (ELISA) and neutralization tests were 
performed to confirm that there was no antibody cross-reac- 
tivity against SARS-CoV in all ferrets before the experiment. 
Ferrets were divided into three groups (see Tables 1 and 2; 
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FIG. 1. Expression of SARS-CoV S proteins by rMVA-S. The S 
protein was detected by Western blotting with a SARS-CoV S-specific 
mouse monoclonal antibody (1). Lane 1, mock-infected BHK21 cell 
control; lane 2, lysate from MVA-infected BHK21 cells; lane 3, lysate 
from rMVA-S-infected BHK21 cells. 





ferrets were housed individually, i.e., one ferret per cage) and 
were immunized with parental MVA (ferrets 1 to 3), rMVA-S 
(ferrets 7 to 9), or phosphate-buffered saline (PBS; ferrets 10 
to 12) on day 0 with a dose of 10° PFU of the corresponding 
virus per ferret by intraperitoneal and subcutaneous routes, 
and a booster immunization was given on day 14 with the same 
regimen. Due to the lack of ferret-specific reagents for analysis 
of cell-mediated immune responses, only neutralizing antibody 
responses were monitored by microplaque reduction neutral- 
ization test. Briefly, a triplicate of serial dilutions of heat- 
inactivated ferret sera were incubated with 100 PFU of the 
SARS-CoV in a 100-ul volume for 60 min at 37°C. After 
incubation, the serum—SARS-CoV mixture was added to 
monolayers of Vero-V76 cells in a 96-well tissue culture plate. 
Infected Vero-V76 cells were incubated at 37°C in 5% CO, for 
3 to 4 days with a 2% carboxymethylcellulose overlay and then 
fixed with 4% formaldehyde and stained with 0.5% crystal 
violet. Neutralization titers were determined as the reciprocal 
of the highest serum dilution that neutralized at least 70% of 
the formation of plaques on Vero-V76 cells. As shown in Table 
1, neutralizing activity was detected in sera collected from all 
three ferrets 7 days after booster immunization with rMVA-S 
virus, while the titer declined to undetectable level 14 days after 


TABLE 1. Neutralizing antibody response following rMVA-S 
immunization and SARS-CoV challenge 


Neutralization titer on indicated day(s): 


o Immunogen? Postvaccination Postchallenge 

0 7 14° 21 28 3-5 7-9 13-15 20-22 27-29 
1 MVA See — — ee — 320 320 160 320 
2 MVA — — — 20 — — 160 160 640 640 
3 MVA — — — — — 40 160 320 640 640 
7 rMVA-S — — — 40 — 20 1,280 1,280 640 640 
8 rMVYA-S — 20 — 40 — 80 1,280 640 640 1,280 
9 rMVA-S — — — 20 — 640 2,560 320 1,280 1,280 
10 PBS — — ee ee ee — 320 320 1,280 1,280 
11 PBS — — Se = — 320 320 640 1,280 
12 PBS = = = = eS W 80 320 1,280 1,280 


“Immunogen MVA is the parental virus of rMVA-S. 

> The day booster immunization was given; the neutralizing antibody response 
was determined by microplaque reduction neutralization test, and the lowest 
dilution used was 1/20. —, negative. 
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the booster. The serum immunoglobulin G titer determined by 
ELISA corresponded with the neutralization results (see on- 
line supplementary data). Moreover, the antibody response 
specific for the S protein in rMVA-S-vaccinated ferrets was 
confirmed by Western blotting. 

Two weeks after the booster immunization, ferrets were 
challenged with 10° PFU of the SARS-CoV Tor? isolate by the 
intranasal route in our biosafety level 4 facility. Ferrets immu- 
nized with rMVA-S developed a neutralizing antibody re- 
sponse as early as 3 days after SARS-CoV challenge, while 
neutralizing antibodies were not detected in most of the con- 
trol ferrets until 7 days after SARS-CoV infection (Table 1). 
This shows that a typical memory immune response occurred 
in ferrets immunized with rMVA-S following SARS-CoV chal- 
lenge. Furthermore, ferrets immunized with rMVA-S devel- 
oped peak neutralizing antibody titer between 7 and 9 days 
after SARS-CoV challenge. In contrast, other challenged fer- 
rets developed comparable levels of neutralizing antibodies 13 
days later (Table 1). To our knowledge, this is the first report 
showing that immunization with a SARS vaccine candidate 
induced a rapid memory immune response, which is an essen- 
tial feature for an effective prophylactic vaccine, following 
SARS-CoV challenge in an animal model. 

Although no clinical signs (e.g., elevated temperature and 
altered behavior including feeding) were observed up to 29 
days postchallenge, viral RNA was detected in pharyngeal 
swabs and blood samples by RT-PCR from all ferrets chal- 
lenged with SARS-CoV by our previously reported protocols 
(17). The viral RNA could be detected in pharyngeal swabs 
starting from 1 day after SARS-CoV infection (Table 2). Fer- 
ret 8 (vaccinated with rMVA-S) still shed virus in the pharyn- 
geal excretion up to 22 days postchallenge. Interestingly, viral 
RNA could be detected in blood specimens only at 8 days 
postchallenge and lasted up to 22 days postinfection. More- 
over, live SARS-CoV could be isolated from pharyngeal swabs 
early in the infection (up to 5 days postinfection; level ranged 
from 4 X 10° to 1.4 xX 10* PFU per pharyngeal swab, and no 
significant difference between rMVA-S-immunized and con- 
trol ferrets was observed), while an attempt to isolate SARS- 
CoV from sera was not successful (data not shown). We spec- 
ulate that the failure to isolate live virus from pharyngeal swabs 
(5 days postinfection) and sera (8 days postinfection) is related 
to the increased neutralizing antibody response (Table 1). Re- 
al-time RT-PCR to quantify the virus loads from the positive 
blood specimens (as determined by classical RT-PCR; Table 2) 
was also unsuccessful. The sensitivity of our real-time RT-PCR 
has been titrated to be 0.1 PFU per ml, while the classical 
RT-PCR showed sensitivity as low as 10°-* PFU per ml (A. 
Andonov and H. Weigartl, unpublished data). Thus, although 
SARS-CoV could enter into blood after approximately 8 days 
of challenge, viral load was low (lower than 0.1 PFU per ml). 
Nonetheless, our data indicate that immunization with 
tMVA-S had no significant effects on the level of SARS-CoV 
replication in ferrets, although a rapid, vigorous memory neu- 
tralizing antibody response occurred. In contrast, a live SARS- 
CoV (15), a DNA-based vaccine expressing the S protein (19), 
and rMVA-S (1) have been reported to induce significant 
protective immunity in mice following SARS-CoV challenge. 
The most likely cause for the difference in the protective effi- 
cacy in mice and ferrets immunized with rMVA-S is that 
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TABLE 2. Detection of viral RNA by RT-PCR from blood and pharyngeal swabs. 


Presence of viral RNA” on indicated days in: 
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Ferret Immunogen Blood 
no. 

1-3 4—6 8-10 13-15 20-22 

1 MVA = = T = F 
2 MVA = = = = + 
3 MVA = = = F = 
7 rMVA-S = = F + = 
8 tMVA-S = = T + F 
9 rMVA-S = = = + = 
10 PBS = = + 4 = 
11 PBS = = = F + 
12 PBS = = = — — 


Pharyngeal swabs 


27-29 1-3 4—6 8-10 13-15 20-22 27-29 
— + + -- — -— — 
- + = -- — - — 
— = -+ - = -- — 
— = + -- — — — 
— -- + -- -- — -— 
— =- + + — ~ — 


Due to the limited working capacity in a biosafety level 4 space, only one ferret from a group could be manipulated for blood and pharyngeal swab collection on 
a particular day after SARS-CoV challenge. +, RT-PCR positive; —, RT-PCR negative. 


SARS-CoV exhibits different replication kinetics in these two 
animal systems. For example, SARS-CoV could replicate to a 
high titer in the first 3 days after challenge in mice, while the 
virus titer decreased sharply afterwards (15). Replication of 
SARS-CoV in ferrets, however, could last up to 22 days after 
infection (Table 2). Thus, further studies to elucidate the ki- 
netics of SARS-CoV replication in ferrets should aid in under- 
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standing the difference between these two animal models for 
development of SARS vaccines. 

Biochemical tests of blood samples and histopathological 
examination of various tissues were performed to investigate 
any pathological effects as consequences of rMVA-S vaccina- 
tion and SARS-CoV challenge. The VetTest dry chemistry 
analyzer, with the protocol and reagents provided by the man- 
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FIG. 2. ALT level following rMVA-S immunization and SARS- 
CoV challenge. (A) Prechallenge (ferret 8 sample not available) sam- 
ple; (B) sample taken 4 to 6 days after infection with SARS-CoV 
(ferret 3 sample not available); (C) sample taken 13 to 15 days postin- 
fection (dpi; ferret 8 sample not available); (D) sample taken 20 to 22 
dpi; (E) sample taken 27 to 29 dpi. ALT values between the dotted 
scale lines are considered normal reference values. 
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FIG. 3. Histopathology of ferret livers following immunization and SARS-CoV challenge. Representative pictures were taken at 27 to 29 days 
postinfection (ferrets [F] 1 to 3, 7 to 9, and 10 to 12) or no infection (naive ferrets 13, 14, and 15; exposed to neither MVA nor SARS-CoV) at 
x40 magnification. Perivascular mononuclear infiltrates (red arrows) were present in all livers from ferrets infected with SARS-CoV, ranging from 
mild (ferrets 1, 2, 3, 10, 11, and 12) to severe (ferrets 7, 8, and 9) lesions. In addition, intralobular infiltration of mononuclear cells was extensive 
in livers from ferrets 7, 8, and 9. No significant liver lesions were found in naive ferrets (ferrets 13, 14, and 15, which did not receive MVA or 
SARS-CoV and which were used for preliminary examination of ferrets. Green arrows, vein of portal triads. 


ufacturer (IDEXX Laboratories Inc. USA), was used to exam- 
ine blood samples taken at various time points for the levels of 
alkaline phosphatase (an indicator of hepatic disease involving 
the biliary system), alanine aminotransferase (ALT; an indica- 
tor of hepatic parenchymal lesions), albumin (an indicator of 
abnormality of hepatic and renal function), creatinine (an in- 
dicator of renal disease), total bilirubin (an indicator of ob- 
structive liver disease), total protein (an indicator of abnor- 
mality of hepatic and renal function), and urea (an indicator of 
renal disease). Surprisingly, ferrets vaccinated with rMVA-S 
demonstrated a significantly higher level of ALT after chal- 
lenge with SARS-CoV than the control ferrets (Fig. 2). The 
elevated level of ALT was evidenced by 4 to 6 days after 
SARS-CoV infection and lasted until day 22. All the other 
parameters tested fell into the normal or slightly higher-than- 
normal (alkaline phosphatase) physiological range compared 


to the reference value (based on the recommendation from 
IDEXX Laboratories Inc. USA and data from 60 serum sam- 
ples from healthy ferrets provided by the ferret supplier, Mar- 
shall Farm). 

Histopathological examination was performed on liver sec- 
tions (fixed with 10% PBS-buffered formalin, embedded in 
wax, and stained with hematoxylin and eosin) from ferrets 
sacrificed between 27 and 29 days postchallenge. It was found 
that ferrets immunized with rMVA-S (particularly ferret 9) 
developed severe periportal and panlobular mononuclear hep- 
atitis (Fig. 3). In contrast, only mild periportal mononuclear 
hepatitis was observed in control ferrets receiving parental 
MVA or PBS. In addition, the panlobular hepatitis observed in 
rMVA-S-immunized ferrets was also accompanied by signs of 
focal necrosis of liver cells, including swelling of hepatocytes 
(hydropic degeneration), increased acidophilia, and hyper- 


12676 NOTES 


chromatic and fragmented nuclei (karyorrhexis). Thus, the his- 
topathological finding is in line with the blood chemistry anal- 
ysis. A summary of histopathological findings was included in 
the online supplementary materials. Note that the liver tissue 
specimen for pathological sectioning was collected postmor- 
tem (27 to 29 days after the challenge); by then the ALT level 
had already declined to (or slightly below) the normal range 
(Fig. 2E) and no viral RNA could be detected (Table 2). Not 
surprisingly, no viral antigen was found in the liver tissue by 
immunolabeling with the specific anti-S monoclonal antibody 
(data not shown). Therefore, it is likely that the liver inflam- 
mation shown in Fig. 3 does not reflect the true severity of the 
hepatitis associated with rMVA-S vaccination and SARS-CoV 
challenge and, in fact, may represent the recovering stage. 
Detailed pathological examination at the time when the ALT 
level is at the highest should be performed in future studies. 
Other organs were only mildly affected by SARS-CoV infec- 
tion (data not shown). 

It is known that neutralizing antibodies induced by the S 
protein of feline infectious peritonitis virus (also a coronavirus) 
often lead to accelerated infection by the mechanism of anti- 
body-dependent enhancement of virus infectivity (12, 13, 16, 
18). SARS-CoV has been shown to infect hepatocytes and 
cause hepatitis in humans (3). Here, we found that immuniza- 
tion with rMVA-S is associated with enhanced hepatitis in 
ferrets after SARS-CoV challenge. However, our present data 
cannot conclusively demonstrate whether or not the enhanced 
liver inflammation was the consequence of accelerated virus 
infection of livers or simply enhanced immunopathological 
effects on livers as a combined result from rMVA-S immuni- 
zation and SARS-CoV infection. Further investigation, such as 
passive transfer of immune sera from vaccinated or SARS- 
CoV-infected ferrets to naive ferrets, which then are chal- 
lenged with SARS-CoV, should aid in understanding the link 
between the immune responses induced by SARS-CoV anti- 
gens and enhanced liver inflammation. 

In this communication, we demonstrated that vaccination 
with rMVA-S could induce a rapid and vigorous memory neu- 
tralizing antibody response, which is an essential feature for an 
effective prophylactic vaccine, in ferrets after challenge with 
SARS-CoV. On the other hand, our data suggest that vacci- 
nation with SARS-CoV S may lead to enhanced liver damage 
following SARS-CoV infection. This information is extremely 
important for development of safe SARS vaccines. Extra cau- 
tion should be taken in proposed human trials of SARS vac- 
cines (9) due to the potential liver damage from immunization 
and virus infection. 
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Numerous attempts have been made in the 
past to propagate the agent of measles in 
lower animals, in chick embryos and in tissue 
cultures(1-3). The results of different in- 
vestigators were often at variance or directly 
contradictory. It has been made reasonably 


clear, however, that monkeys, especially M. 


mulatta, are moderately susceptible to experi- 
mental inoculation(3). Furthermore the re- 
‘searches of Rake, Shaffer and their collabora- 
tors have provided evidence suggesting that 
the agent which passed through bacteria-re- 
taining filters could be maintained indefinitely 
in serial passages in the developing chick 
embryo(4,5). These workers(5) also con- 
firmed the earlier observations of Plotz(6) 
who apparently had succeeded in growing the 
agent in a modified suspended cell culture of 
chick embryonic tissues. Egg passage in the 
hands of Shaffer and his coworkers(7,8) regu- 
larly appeared to alter. the pathogenicity of 
the agent for man as indicated by the develop- 


* These investigations were conducted under the 
sponsorship of the Commission on Virus and Rickett- 
sial Diseases, Armed Forces Epidemiological Board, 
and supported by the Office of the Surgeon General, 
Department of the Army. 

t We are grateful to Dr. Theodore Ingalls, Dr. 
William Pfeffer, Dr. Eli Friedman and Dr. Morris 
Prizer for indispensable aid in obtaining patients for 
study and to Dr. Frank Ingraham, Dr. Donald Mat- 


son, Dr. Duncan Reid, Dr. Robert Gross, Dr. George - 


Van S. Smith and Dr. Hazel Mansell for making 
various tissues available. To John Carabitses we 
owe especial thanks for the microphotographs. 


ment of a mild and much modified disease fol- 
lowing the inoculation of egg adapted ma- 
terials into susceptible children. In certain 
cases this modified disease seemed to be fol- 
lowed by resistance to measles as indicated 
by the results of subsequent natural or arti- 
ficial exposure to the virulent form of the © 
agent(9). Since 1943 when the last of the 
communications by Rake and his collaborators 
appeared, no important progress has been 
made in the study of the etiology of measles. 
This fact may in large part be attributed to 
the lack of a convenient laboratory method 
for the demonstration of the presence of the 
agent which induced no recognizable changes 
in eggs or cultures of chick tissues. More- 
over, repeated attempts by Shaffer(10) to 
demonstrate a serologic reaction, such as com- 
plement fixation, using materials from the 
infected chick embryo failed. Accordingly, 
the only available technics have consisted in 
the inoculation of man or the monkey. The 
former is obviously impractical as routine and 
the latter tedious, expensive and frequently 
inconclusive because of variation in individual 
susceptibility. 


With these considerations in mind we have 
recently attempted to cultivate the agent of 
measles in cultures of human and monkey 
cells employing procedures applied success- 
fully to the propagation of the poliomyelitis 
viruses(11-13).* In blood and throat washings 
of typical cases of measles agents have been — 
demonstrated that can be maintained in serial 
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TABLE I. Cytopathogenic Agents Isolated in 
Tissue Cultures from Throat Washings and Blood 
of 5 Measles Cases. 


Time of collec- 
tion of 
materials 


Material and No. of passages Days Hours 





oS — after after 
T.W.* Passages Blood Passages onset rash 
—t — 4- 3 5 29 
+ 3 + 3 3 17 
+ 4 -+ 10 2 14 
-+ 3 NDË ND 4 6 
T 2 + 1 ? +24 


* T.W. = Throat washings. 
+ No virus isolated. 
t ND = Not done. 








passage in tissue cultures and which induce 
distinctive cytopathic changes in renal epi- 
thelial cells. A certain amount of evidence 
has been accumulated indicating that anti- 
bodies specific for these agents develop during 
the course of the disease. It is our purpose 
to describe here these observations in a pre- 
liminary manner. Additional evidence for the 
relationship of these agents to measles will 
be sought in future investigations. 

Materials and methods. Collection of speci- 
mens. Throat washings, venous blood and 
feces were obtained from 7 patients as early as 
possible after a clinical diagnosis of measles 
was established. In 5 instances the time 
at which specimens were collected in re- 
lation to the onset of exanthem is given 
in the case histories described below or 
in Table I. When capable, patients were 
asked to gargle with 10-15 ml of sterile 
neutralized fat-free milk. Certain speci- 
mens from the throats of younger chil- 
dren were obtained by cotton swab previously 
moistened in milk. After swabbing the throat 
the swab was immersed in 2 ml of milk. Peni- 
cillin, 100 u/ml, and streptomycin, 50 mg/ml, 
were added to all throat specimens which were 
then centrifuged at 5450 rpm for about one 
hour. Supernatant fluid and sediment resus- 
pended in a small volume of milk were used as 
separate inocula in different experiments in 
amounts varying from 0.5 ml to 3.0 ml. About 
10 ml of blood immediately after withdrawal 
were placed in tubes containing 2 ml of 0.05% 
solution of heparin. As inocula for tissue cul- 
tures amounts varying from 0.5 ml to 2.0 ml 
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of the whole blood were employed. After 
addition of antibiotics as described above 10% 
fecal suspensions were prepared by grinding 
the material in bovine amniotic fluid medium. 
The suspensions were then centrifuged at 
5450 rpm for about one hour and the super- 
natant fluids used as inocula, in amounts 
varying from 0.1 ml to 3 ml. All specimens 
were refrigerated in water and ice or main- 
tained in the cold at about 5°C from the time 
of collection until they were added to the 
cultures. The maximum time that lapsed 
between collection of specimens and inocula- 
tion was 3% hours. 


Tissue culture technics. In the initial isola- 
tion attempts roller tube cultures(11,12) of 
human kidney, human embryonic lung, human 
embryonic intestine, human uterus and rhesus 
monkey testis were employed. Subsequent 
passages of the agents isolated were later at- 
tempted in human kidney, human embryonic 
skin and muscle, human foreskin, human 
uterus, rhesus monkey kidney and embryonic 
chick tissue. Stationary cultures prepared ac- 
cording to the technic of Youngner(13) with 
trypsinized human and rhesus monkey kidney 
were later employed for isolation of agents and 
their passage. The culture medium consisted 
of bovine amniotic fluid (90%), beef embryo 
extract (5%), horse serum (5%), antibiotics, 
and phenol red as an indicator of cell me- 
tabolism(12). Soybean trypsin inhibitor was 
added to this medium unless it was used for 


the cultivation of human and monkey kidney 


(11). Fluids were usually changed at inter- 
vals of 4-5 days. For histological examina- 
tion the cell growth after fixation in 10% 
formalin was embedded in collodion, dehy- 
drated and stained with hematoxylin and 
eosin.+ 





{We are indebted to Dr. William J. Cheatham 
for the following account of the collodion embedding 
technic and for the preparation of material for 
histologic examination. Collodion membrane technic. 
The culture fluid is removed from the roller tube and 
replaced by fixative sufficient to cover the areas of 
outgrowth; formalin has generally been used. Fixa- 
tion for one hour is adequate with the method of tis- 
sue culture used. Following fixation, dehydration is 
carried out with increasing concentrations of alcohol 
ending in ether-alcohol mixture (50 per cent of each). 
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Manner of passage in tissue culture. Serial 
passage of the various strains (Table I) was 
accomplished as routine by removal of the 
culture medium between the 4th and the 16th 
day after inoculation and immediate transfer 
of 0.1 ml to each of a number of fresh cultures. 
Successful passage of the agent with fluids 
that had been previously centrifuged at 2500 
rpm to remove cellular elements has also been 
repeatedly demonstrated. Larger inocula (up 
to 1.0 ml) were often used during the initial 
experiments before the resistance of the agent 
to storage at various temperatures had been 
determined. Virus neutralization and comple- 
ment fixation tests. The procedures employed 
are described subsequently in the text. De- 
scription of cases from which materials were 
obtained. During an outbreak of measles at 
a private boarding school for boys in South- 
boro, Mass., isolations were attempted from 
throat washings and stools of 4 patients and 
blood of 3 of the same patients. The latter are 
designated as Cases 1, 2 and 3. Throat wash- 
ings of 2 siblings in a small epidemic of 
measles in Wellesley, Mass., (Cases 4 and 5) 
and blood from 2 cases of measles admitted to 


The latter is then replaced by a dilute solution of 
collodion in ether-alcohol allowing an hour or more 
for penetration of the collodion into the tissues. The 
concentration of collodion is best determined by 
trials in which films are removed from blank tubes. 
The collodion is poured from the tube, rotating the 
latter so that the entire inner surface is covered by 
a thin film. The collodion is allowed to dry partially, 
rotating the tube constantly. This requires 1-2 
minutes and can be arrived at by experience, employ- 
ing as a guide the time at which the odor of ether- 
alcohol is barely detectable. Cold water is then 
run slowly into the tube to harden the membrane. 
The upper edge of the tube is rimmed and the mem- 
brane carefully separated from the glass with a thin 
glass rod. With patience a cast of the tube includ- 
ing the tissue is obtained; this is cut into a flat sheet 
which can be stained and trimmed according to the 
distribution of tissue. The technic of staining with 
hematoxylin and eosin is used and need not be de- 
scribed in detail here. Alcoholic eosin has been 
found most satisfactory. Complete dehydration us- 
ing absolute alcohol cannot be used because of the 
solubility of collodion. ‘Clearing is therefore carried 
out from 95 per cent alcohol in oil of Origanum 
followed by xylol. After clearing the membrane 
is mounted using any: satisfactory mounting media. 
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the Boston City Hospital during an epidemic 
in Boston (Cases 6 and 7) are under investi- 
gation at the present time. Details of these 
typical cases are omitted for the sake of 
brevity. 

Case 1: D.R., age 11, was in contact with a 
“probable” case of measles 10 days before 
symptoms commenced on 1/20/54. The 
latter consisted of signs of an upper respira- 
tory infection including sore throat and fever 
to 101°F. He soon developed conjunctivitis 
and a bad cough. These symptoms became 
aggravated and on 1/24 in the morning there 
was a suggestion of a rash on his face. Tem- 
perature at 4:30 p.m. was 105.5°F. Koplik’s 
spots were noted on the buccal mucosa by the 
school physician the next morning. On 1/25 
at 1 p.m. he was seen by TCP with findings 
of temperature 98° p.o., mild to moderate 
conjunctivitis, moderate generalized adeno- 
pathy and characteristic blotchy maculo- 
papular rash in full bloom, extending to in- 
volve even the palms and soles. No Koplik’s 
spots were seen at this time. Specimens of 
throat washings, blood and stool were col- 
lected at 1:30 pm. on 1/25. Case 2: HJ., 
age 13, with no known contact other than 
Case 1, developed signs of an upper respiratory 
infection on 1/26/54. He complained of | 
sore throat and cough the following day and 
of photophobia on 1/28. At this time the 


infirmary nurse noticed a questionable trace 


of a rash on his forehead. He was seen on 
1/29 by TCP with findings of temperature 
101° p.o., and maculopapular rash developing 
over the face, mildly over the chest and ab- 
domen, minimally on the upper extremities 
and none on the lower extremities. He had 
moderate conjunctivitis, cough and’ Koplik’s 
spots on the buccal mucosa. Specimens of 
throat washings, blood and stool were ob- 
tained at 11 a.m. on 1/29. Case 3: D.E., age 
13, a close contact of both Cases 1 and 2 
during their prodromal stages, experienced a 
gastrointestinal upset on 2/8/54 with cramps 


and nausea. Temperature was 99.6°F. Faint 


rash was first noted on his face in the late 
evening of 2/9, and he was seen by TCP at 
12 noon on 2/10 with findings of typical rash 
over the face with minimal extension to the 
chest, abdomen and back. - Koplik’s spots 
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FIG, 1. Outgrowth of normal human kidney cells in an uninoculated roller tube culture (130). 
Control for cultures shown in Fig. 2 and 3. 
FIG. 2. Area of syncytial giant cells with small cytoplasmic vacuoles. Note many nucleoli and 


faint nuclear outlines. 


9th dav after inoculation; 7th passage, agent from Case 3 blood 


(X130). 


were present on the buccal mucosa. Cough 
and conjunctivitis were mild. His tempera- 
ture was 102° p.o. Specimens of throat wash- 
ings, blood and stool were obtained at this 
time. His temperature was 103.6°F with 
rash in full bloom in the afternoon. On the 
following morning his temperature was 104°F. 

Experimental. Cytopathic changes induced 
by agents isolated from cases of measles. The 
first of 8 agents obtained from blood or throat 
washings of measles cases and exhibiting com- 
parable properties was isolated in cultures of 
human kidney tissue following addition of the 
blood of Case 3. In each of the 3 cultures that 
were inoculated cytopathic changes were ob- 
served on the 7th day. Since these changes 
presented a characteristic appearance not here- 
tofore associated definitely with a virus they 
have provided the means for the further 
investigation of this agent as well as others 
that have been recently isolated. Accordingly, 
here at the beginning these changes will be 
described in detail. Observation of fresh 
preparations under low magnification (80X) 
revealed within the sheet-like outgrowth of 
renal epithelial cells discrete areas of varying 
size and shape in which the cell boundaries 
were obliterated and the nuclei often difficult 
to visualize. Within these areas, which may 
be described as non-refractile “glassy” 
plaques, large and small vacuoles were often 
numerous lending them a foamy or lace-like 


quality. The number and size of the vacuoles 
increased as incubation was continued. On 
careful examination of these areas many small, 
slightly refractile bodies were seen that re- 
sembled nucleoli within nuclei whose outlines 
could often be distinguished only with diff- 
culty. The total effect thus suggested the 
presence of large vacuolated giant cells. After 
further cultivation the extent of the areas ini- 
tially present was slowly extended or was 
enlarged by coalescence with neighboring 
plaques while others developed elsewhere. In 
addition to the formation of vacuoles de- 
generative changes gradually appeared within 
the affected areas suggesting coagulation 
necrosis. At the end of three weeks most of 
the epithelial cells appeared to be involved, 
yet here and there small aggregates of normal 
cells remained. These seemed, however, to be 
composed mainly of spindle-shaped cells. 
Reference to Fig. 1, 2 and 3 will aid in the 
visualization of these changes as they are 
manifest in the natural state. In contrast to 
the appearance of the normal cell outgrowth 
shown in Fig. 1 the smooth confluent area of 
affected cells stands out clearly in Fig. 2. 
While a slight degree of vacuolization is evi- 
dent in this figure, it is extensive in Fig. 3 
especially along the margin of cell growth 
where it is first apt to become apparent. 

The interpretation that has just been pre- 
sented of the changes observed in fresh prepa- 
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FIG. 3. Lace-like network of vacuoles at tissue 
margin from the same culture (X130). 


rations was supported by examination of fixed 
and stained materials. Under these condi- 
tions the glassy areas were clearly revealed as 
collections of nuclei surrounded by a common 
cytoplasmic matrix. As many as 40 to 100 
nuclei were counted in such syncytial forma- 
tions. Often the limits of the encompassing 
cytoplasm were sharply defined thus con- 
tributing to the impression that development 
of true giant cells has occurred in vitro. 
Whether or not this is actually the case, the 
phenomenon is of much interest in view of the 
constant presence of giant cells in lymphoid 
tissues during the early stages of measles in 
man(14,15). 

Examination of stained materials also re- 
vealed significant changes within the nuclei of 
the giant cells that were not visible in fresh 
preparations. These consisted in a redistribu- 
tion of the chromatin which ultimately as- 
sumed a marginal position where it formed 
a dense ring or crescent that stained intensely 
with the basic dye. Concomitantly the cen- 
tral portion of the nucleus came to be occupied 
by an apparently homogeneous substance, 
acidophilic in character, that approximated 
closely to the chromatin ring. Since in these 
and other preparations that have been ex- 
amined subsequently no clear unstained zone 
has been observed between the chromatin and 
this acidophilic mass, it cannot be asserted 
that the latter represents an intranuclear in- 


clusion body of the type characteristically 


associated with viral infections. Neverthe- 
less, as far as can now be determined, its 
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presence along with the margination of the 
chromatin affords a useful criterion of infec- 
tion for the agents under study. It should 
be emphasized, however, that the changes as 
just depicted are encountered in cultures that 
have been incubated for relatively prolonged 
periods (e.g. 14-21 days). When the interval 
between inoculation of the agent and exami- 
nation of the stained cells (e.g. 4 days) is 
shorter, margination of the chromatin may 
be incomplete or inapparent and the acido- 
philic substance may only be seen in small 


rounded masses distributed here and there 


amid nuclear materials that approximate the 
normal arrangement. Fig. 4, 5, 6 and 7 illus- 
trate well-developed nuclear changes and also 
the general similarity of the affected areas to 
the giant cells encountered in lesions asso- 
ciated with measles. Of particular interest in 
this latter connection are the basophilic ‘‘pseu- 
doprotozoal’”’ bodies that Bonenfant(16) has 
recently described in the mucosa and lymphoid 
follicles in cases of this disease. These bodies 
were usually surrounded by an acidophilic 
homogeneous substance. As described and 
pictured these bodies with their matrix strik- 
ingly resemble the giant cells in tissue cultures 
that exhibit well-developed nuclear changes.$ 

Some biologic properties of the agents iso- 
lated from measles. Certain of the biologic 
properties of the agents isolated from patients 
with measles have been definitely determined, 
others in a preliminary or tentative manner. 
In several instances these properties have been 
studied only in respect to the strain first iso- 
lated from the blood of Case 3. Since, how- 
ever, the other strains, as far as they have 
been examined, behave in a similar manner it 
is probable that all of them, when thoroughly 
studied, will exhibit the same general char- 
acteristics. 

A) Source of virus. As repeatedly stated, 
agents have been recovered from both blood 
and throat washings. In three cases yielding 
viruses from one or another of these sources 





§ Since this manuscript was submitted for publica- 
tion materials fixed in Bouin’s fluid, employing the 


usual alteration of washing with 70 per cent alcohol! . . 


following fixation, have been examined. Typical 
acidophilic intranuclear inclusion bodies were regu- 
larly seen surrounded by a clear zone or “halo.” 
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FIG. 4. Outgrowth of normal human renal cells fixed and stained with hematoxylin and eosin. 
Control for cultures shown in Fig. 5-7 (X110). 
FIG. 5. A portion of the cell outgrowth shown in Fig. 4 more highly magnified. Hematoxylin 
and eosin stain ( X300). 

FIG. 6. Outgrowth of human renal cells showing giant cell formation and nuclear changes 20 
days after inoculation with 2 ml blood from Case 3. Hematoxylin and eosin stain (X110). 
FIG. 7. A portion of cell outgrowth shown in Fig. 6 more highly magnified. Hematoxylin and 

eosin stain (X300). 


fecal suspensions have likewise been examined necessary before it can be stated whether or 
by the tissue culture technic. In none was not the virus is present in the intestinal ex- 
evidence for the presence of an agent obtained. creta. | | 


Further examinations of fecal specimens are B) Cytopathogenic range. Monkey kidney 


¢ 


Downloaded from ebm.sagepub.com at PENNSYLVANIA STATE UNIV on May 27, 2015 


CYTOPATHOGENIC AGENTS FROM MEASLES CASES 


is the only other tissue employed that has 
yielded a growth of cells in which the char- 
acteristic changes described above have been 
definitely observed following inoculation of 
virus. In cultures consisting largely of mon- 
key renal epithelial cells as prepared by 
Youngner’s modification of Dulbecco’s technic 
(13) cytopathic changes have been regularly 
observed which resemble closely those pro- 
duced by these agents in human renal cells as 
seen in both fresh and stained preparations. 
These effects followed the addition of blood or 
throat washings from cases of measles as well 
as infected tissue culture fluids derived from 
previous passages. Monkey kidney cultures 
may, therefore, be applied to the study of 
these agents in the same manner as cultures 
of human kidney. In so doing, however, 
it must be borne in mind that cytopathic 
effects which superficially resemble those re- 
sulting from infection by the measles agents 
may possibly be induced by other viral agents 
present in the monkey kidney tissue (cf. last 
paragraph under G) or by unknown factors. 
In a few cultures of human prepucial tissue 
inoculated with one of the measles agents 
changes resembling those seen in renal cells 
were noted in the epithelial outgrowth about 
certain fragments. Additional observations, 
however, will be required before it can be 
confidently asserted that dermal epithelial cells 
are specifically attacked by these viruses. 
In a single experiment no cytopathic mani- 
festations were seen during a period of 31 
days following inoculation of infected tissue 
culture fluid into cultures of human embry- 
onic skin and muscle, human uterine tissue 
or embryonic chick tissue. Tests for the 
presence of complement fixing antigen in 
the fluids removed from the cultures on the 
31st day were negative. These serologic re- 
sults suggest that growth of the virus did not 
occur, since, as will be shown subsequently, 
the antigen appears to develop regularly after 
several days in cultures of renal tissue in- 
fected with the virus. | 
C) Failure to induce demonstrable changes 
in mice or chick embryos. Two litters of 
suckling white mice (1-day-old) were inocu- 
lated with infective tissue culture fluid by 
both the intraperitoneal and intracerebral 
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routes. The animals remained well during an 
observation period of 21 days. Employing 
the same material as inoculum 0.1 ml amounts 
were introduced into the amniotic sac of 7-day 
embryonated hen’s eggs. After 7 days incu- 
bation at 36°C the amniotic fluid and mem- 
branes were harvested, ground with alundum 
and centrifuged at 1500 rpm. The supernat- 
ant fluid was used for a second egg passage 
which was carried out in the same manner. 
Whereas inoculation of 0.1 ml aliquots of the 
first egg passage material into cultures of 
monkey renal epithelium was followed by 
characteristic cytopathic changes on the 8th 
day, the addition of 0.5 ml of second egg pas- 
sage material to such cultures failed to produce 
this effect. No complement fixing antigen was 
detected in the materials from the egg pas- 
sages. Although these results suggest that the 
virus is not readily adapted to growth in the 
chick embryo, it is evident that much further 
investigation will be required to determine the 
degree of susceptibility of this host. 

D) Serial passages. Serial passages of sev- 
eral of the strains have been carried out with- 
out difficulty in cultures of human or monkey 
renal cells. Employing 0.1 ml of the fluid 
phase as inoculum, 10 passages of the first 
strain isolated have so far been accomplished 
in human cells of this type. With other 
strains fewer passages have been completed as 
indicated in Table I. | 

E) Assay of infectivity. As yet only one 
attempt has been made to measure infectivity 
of virus propagated in tissue culture. In this 
case fluids and cells were removed from 15 
cultures of human kidney tissue on the 6th 
day after inoculation of fluid from the 4th 
tissue culture passage of the agent from Case 
3. These materials were pooled and the cells 
were ground with alundum in the presence of 
the fluid. After centrifugation for 15 minutes 
at 2500 rpm the supernatant fluid was titrated 
for infectivity in cultures of human kidney 
tissues. For this purpose 3 cultures were each 
inoculated with 0.1 ml of the suspension di- 
luted by a factor of 10. The endpoint of 
viral activity as indicated by the highest dilu- 
tion causing cytopathic changes was about 
102-5. This low titer was somewhat unexpec- 
ted in-view of the fact, as will be shown here- 
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TABLE II. Neutralization of Cytopathogenic Ef- 
fect of Virus from Measles Case 3 by Convalescent 
Sera from Two Other Cases of Measles. 





Serum Serum drawn Neutralizing 
source (days after rash) serum dilution* 
Case 1 1 <1:8 
17 1:32 
2 0 <1:2 
12 1:32 
70 1:32 


* Readings taken on 10th day after addition of 
Virus, 


after, that tissue culture fluids contain suffi- 
cient antigen to fix complement in the pres- 
ence of convalescent measles serum. Without 
more experimental data, however, it cannot be 
assumed that maximal infectivity titers lie 
within this range. 

F) Neutralization of cvtopathogenicity by 
convalescent measles sera. That the cyto- 
pathogenic capacity of at least one strain of 
the agents associated with measles is inhibited 
by serum factors developing during the course 
of the disease has been demonstrated in two 
experiments. Employing 100 IDs» of the viral 
suspension mentioned in the previous para- 
graph neutralization tests were carried out in 
cultures of monkey renal epithelial cells. Sera 
taken during the acute and convalescent 
stages from two of the cases occurring at the 
boys’ school were stored at —15°C and in- 
activated at 56°C for 30 minutes before they 
were diluted and used in the test. As diluent 
bovine amniotic fluid was employed. Dilu- 
tions of serum and virus were mixed and 
kept at 5°C for one hour when 0.1 ml of each 
mixture was added to each of three tissue 
cultures. In both tests the cultures were 
examined every day or every 2 days and the 
final readings were recorded on the 10th day. 
The results are summarized in Table II. They 
indicate that significant increases in substances 
occurred in the serum of both patients that 
neutralized the cytopathogenicity of the agent 
isolated from the blood of a third patient. In 
considering these results it is pertinent to re- 
call that agents with similar characteristics 
have been isolated from the two patients whose 
convalescent sera were shown to possess virus- 
neutralizing capacity. , 

G) Production of complement fixing anti- 
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gen in tissue cultures. Since it has been shown 
(17) that in cultures of poliomyelitis viruses 
antigens capable of fixing complement in the 
presence of specific antibodies appear in the 
fluid phase, tests were carried out to de- 
termine whether or not the fluids removed 
from cultures exhibiting cytopathic changes 
induced by the measles agents might behave 
in a similar manner. To this end the drop 
method of Fulton and Dumbell(18) as modi- 
fied by Svedmyr, Enders and Holloway(17) 
was employed. As antigens crude undiluted 
fluids have been used. These were derived 
from human or monkey kidney cultures in- 
oculated with strains isolated from either 
blood or throat washings of Cases 2, 3 and 4. 
The fluids from several cultures were collected 
at various intervals after inoculation of the 
virus, pooled, centrifuged at 1500 rpm for 
5 minutes and stored at either 5°C or -16°C. 
Immediately before use the fluid was heated 
at 56°C for 30 minutes to remove any anti- 
complementary activity that might be present. 
As control antigens, fluids were taken from 
uninoculated cultures maintained under the 
same conditions as well as fluids from cultures 
of the agent producing changes superficially 
similar to those caused by the measles agents 
and which are mentioned below. These ma- 
terials failed to fix complement with any of 
the sera that have been examined. Acute and 
convalescent phase measles sera were inacti- 
vated at 56°C and serial dilutions prepared 
as in complement fixation tests for poliomye- 
litis antibody. The results of tests that have 
so far been completed indicate clearly that 
antibodies develop during the course of 
measles capable of reacting with an antigen 
that appears in the culture fluid after the 3rd 
to the 7th day following inoculation of the 
virus. From representative data presented 
in Table III it is evident that the antibody 
may emerge at least as early as the 7th day 
following the appearance of the rash and con- 
tinues to persist for at least 2 months in fairly 
high titer. By this time, however, there is 
some indication that the maximal concentra- 
tion has been previously attained. It is note- 
worthy in respect to the possible etiologic 
relationship of these agents to measles that 
antibodies appeared in the blood of Cases 6 
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TABLE III. Results of Complement Fixation 

Tests on Measles Sera Employing as Antigens 

Fluids from Tissue Cultures Infected with Agents 
Isolated from Cases of Measles. 





CF titer 
Serum (serum dilution) 
source Serum drawn Antigen Antigen 
(case No.) (days after rash) MKC* HKCt 
1 1 <1:8 8O 
17 1:256 1:512 
75 1:64 1:128 
2 0 <1:8 <1:8 
12 1:128 1:256 
70 1:64 1:128 
3 0 <1:8 <1:8 
58- 1:256 1:256 
6 0 <1:8 <1:8 
7 1:32 1:32 
T 1 <1:8 <1:8 
8 1:64 1:128 





* MKC — Monkey kidney tissue culture fluid in- 
fected with agent from blood of case 2. 

t HKC — Human kidney tissue culture fluid in- 
fected with agent from blood of case 3. 


and 7 which fixed complement with the anti- 
gens from Cases 2 and 3. The latter occurred 
in a widely separated area and at an earlier 
time. A few tests have been carried out with 
measles antigen on sera from 3 adults giving a 
history of measles during childhood. Serum 
titers of 1:2, 1:8 and >1:16 were recorded. 

Filterability and resistance to physical 
agents. Filtration. A portion of the pool of 
virus with infectivity titer of 10-5 (cf. last 
paragraph under E)was diluted 1:5 in beef 
infusion broth and passed through a sintered 
glass filter under a pressure of 45 mm Hg. 
Time of filtration was 10 minutes. The ca- 
pacity of the filter to retain Serratia marces- 
cens was then demonstrated. The viral filtrate 
was shown to be free of bacteria by addition 
to infusion and thioglycollate broth and blood 
agar media. Five cultures of monkey renal 
cells were inoculated with the filtrate (0.5-1 
ml). Characteristic cytopathic changes were 
subsequently noted in all. Thermal stability. 
The cytopathogenicity of one strain was de- 
stroyed by heating at 65° for 30 minutes. The 
infectivity of heparinized blood or throat 
washings in milk as tested in tissue culture 
was preserved for at least 314 hours by refrig- 
eration at 1°C to 5°C. Agents present in tissue 
culture fluids remained infective after 38 days 
at —15°C and after at least 35 days at about 
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—50°C to -60°C. 

Other agents isolated during this study. 
Two agents have been isolated while the pres- 
ent work was in progress that appear unrelated 
to those we have just described. The first was 
recovered from the throat washings of a typi- 
cal case of measles occurring in the boys’ 
school. Its wide cytopathogenic range, the 
character of the cytopathic changes induced 
and the fact that its infectivity for tissue cul- 
tures was neutralized by herpes simplex im- 
mune rabbit serum served to define its nature. 
A second agent was obtained from an uninocu- 
lated culture of monkey kidney cells. The 
cytopathic changes it induced in the unstained 
preparations could not be distinguished with 
confidence from the viruses isolated from 
measles. But, when the cells from infected 
cultures were fixed and stained, their effect 
could be easily distinguished since the inter- 
nuclear changes typical of the measles agents 
were not observed. Moreover, as we have 
already indicated, fluids from cultures infected 
with the agent failed to fix complement in the 
presence of convalescent measles serum. 
Obviously the possibility of encountering such 
agents in studies with measles should be con- 
stantly kept in mind. | 


Discussion. Of the numerous experiments 
that have been reported in the past describing 
the successful isolation of the etiologic agent 
of measles only those in which monkeys were 


employed as the experimental animal have 


been consistently confirmed by other workers. 
Great caution should therefore be exercised 
in the interpretation of any new claims that 
the virus has been propagated in other hosts 
or systems. Accordingly, the results that 
are summarized here must be subjected to 
the most critical analysis. 

The following facts tend to support the 
hypothesis that the viruses we have described 
are responsible for the disease. Experimental- 
ly transmissible agents exhibiting a similar and 
characteristic cytopathogenic effect in cultures 
of human or simian epithelial cells have been 
isolated from either the blood or throat wash- 
ings derived from 5 of 7 typical cases of 
measles during the early acute phase. An 
agent was demonstrated in the blood of 4 of 
the 5 cases from which specimens were ob- 
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tained and examined by the tissue culture 
method. These findings would seem to be of 
especial significance since it is unlikely that 
viruses unrelated to measles would be regular- 
ly present in the circulating blood of these 
individuals some of whom were geographically 
widely separated. 

The pathologic changes induced by the 
agents in epithelial cells in tissue culture re- 
semble, at least superficially, those found in 
certain tissues during the acute stage of 
measles. While there is no ground for con- 
cluding that the factors in vivo are the same 
as those which underlie the formation of giant 
cells and the nuclear disturbances im vitro, 
the appearance of these phenomena in cultured 
cells is consistent with the properties that a 
priort might be associated with the virus of 
measles. 

The emergence of antibodies during the 
course of the disease capable of suppressing 
the cytopathogenic effect and of fixing com- 
plement in the presence of infected tissue cul- 
ture fluids affords further evidence for the 
close association of the agents with measles. 
Obviously additional data to be derived from 
tests with sera from a large number of cases 
of measles as well as other infectious diseases, 
especially the common exanthemata, are desir- 
able in order to eliminate any remaining doubt 
concerning the specificity of these serologic re- 
actions. The accumulation of such data is 
now in progress. 

Although we have thus already obtained 
considerable indirect evidence supporting the 
etiologic role of this group of agents in measles, 
2 experiments essential in the establishment of 
this relationship remain to be carried out. 
These will consist in the production of measles 
in the monkey and in man with tissue culture 
materials after a number of passages in vitro 
sufficient to eliminate any virus introduced 
in the original inoculum. The recovery of the 
virus from the experimental disease in these 
hosts should then be accomplished. 

Conclusion. The findings just summarized 
support the presumption that this group of 
agents is composed of representatives of the 
viral species responsible for measles. 

Summary. Eight agents exhibiting the 
properties of viruses have been isolated in cul- 
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tures of human or simian renal cells from the 
blood or throat washings of five cases of 
typical measles. Multiplication of the agents 
in vitro is accompanied by characteristic 
changes in the cells. Primarily these changes 
consist in the formation of syncytial giant cells 
wherein the chromatin assumes a marginal 
position and is replaced centrally by an acid- . 
ophilic substance of unknown nature. The 
cytopathogenic effect of at least one of. the 
agents is inhibited by convalescent phase 
measles sera from other patients with measles. 
Antigen appears during cultivation im vitro of 
the measles agents that reacts specifically in 
complement fixation tests with convalescent 
phase measles sera. 
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Presented here is a clarifying sum- 
marization of the many studies 


upon which any forthcoming ad- 
vances in measles BPE mee will 


be based. 


Æ Study of the etiologic agent of 
measles began with Home at the end 
_of the 18th century and has been con- 
tinued intermittently until the present. 
Among the more significant contribu- 
tions to this subject in modern times 
was the demonstration by Goldberger 
and Anderson! in 191] that macaque 
monkeys are susceptible to infection. 
This observation was later confirmed 
and extended by Blake and Trask,” 
among others. During the course of 
these earlier studies evidence for the 
filterable nature of the agent was 
obtained. 

Using the monkey to test for the 
presence of virus, Plotz® in the 1930’s 
reported its successful cultivation in cul- 


279 





tures of chick embryonic tissues. In 
1939-1940 Rake and Shaffer* ® de- 
scribed the serial propagation of the 
agent in chick embryos and in 1941 with 
Jones ê confirmed Plotz’s observations. 
In the same year Shaffer and his asso- 
ciates 7 also noted that during the course 
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of passages in the chick embryo the viru- 
lence of the virus for man was reduced 
and they attempted to determine whether 
this attenuated virus might be employed 
as a vaccine. The results were incon- 
clusive and since that time we have seen 
no account of further trials with such 
materials, although it is our understand- 
ing that similar experiments are now in 
progress within the Soviet Union.” 
Other workers in the past,® including one 
of us, were not able to induce measles in 
the monkey with regularity and also 
failed to obtain convincing evidence that 
the virus multiplied in living chick em- 
bryos or in chick embryonic tissues 
cultivated in vitro. 

Such experimental discrepancies as 
well as the failure to make more rapid 
progress toward the precise definition 
of the nature and properties of the 
measles agent were largely attributable 
to the lack of a convenient and inexpen- 
sive technic whereby viral multiplication 
could be unequivocally determined. Fol- 
lowing the demonstration of the growth 
and cytopathogenic effect of poliomyeli- 
tis virus in cultures of extraneural 
human tissues it seemed likely that ap- 
plication of the same method might 
prove effective in the case of measles 
virus. 


Isolation of Measles Virus in Tissue 
Culture 


Accordingly, Enders and Peebles ° in 
1954 undertook experiments in which 
cultures of human postnatal tissues in 
roller tube cultures were exposed to 
whole blood and throat washings ob- 
tained from a patient with measles dur- 
ing the first 24 hours of the exanthem. 
After an interval of from four to 10 
days abnormal changes were observed 
of a character that we shall presently 
describe and which were shown to be in- 
duced by a virus. Comparable materials 
from seven other typical cases of measles 
subsequently tested in cultures of human 
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renal or monkey (rhesus) renal cells 
have yielded agents exhibiting the same 
cytopathogenic properties. In three of 
these cases virus was demonstrated in 
both blood and throat washings; in two 
the blood was positive and washings 
were negative. In each of the two re- 
maining cases in which only blood or 
throat washings was tested virus was 
also found. In addition, an agent was 
recovered in tissue culture from the 
lung of a patient dying during the acute 
stage of measles that was indistinguish- 
able from the others. It is to be em- 
phasized that these nine viruses were 
isolated from cases occurring in differ- 
ent geographic areas at two different 
times, i.e., in the spring of 1954 and 
1955. The association with measles of 
viruses conforming in their characteris- 
tics with those we have isolated has been 
subsequently reported by Cohen and his 
co-workers 1° and by Ruckle."! 


Cytopathogenic Properties of the Virus 


Upon isolation and during serial pas- 
sages in cultures of human renal cells 
our nine strains of virus have induced 
the formation of syncytia or multinu- 


TEENY 


Re : 


Figure 1—Syncytium or Multinuclear 
Giant Cell in Culture of Postnatal 
Human Renal Cells; 16 Days After 
Addition of 23rd Renal Cell Passage 
of Edmonston Strain of Measles Virus. 
H and E Stain x 430 


clear giant cells within the sheet of 
normal epithelial elements such as those 
shown in Figure l. Gradually all or 
nearly all the cells become involved in 
the process and eventually are destroyed. 
Several days after the syncytia are ap- 
parent, eosinophilic inclusion bodies ap- 
pear in most of the nuclei and irregular 
masses of eosinophilic material accumu- 
late in the cytoplasm. Examination of 
many preparations has convinced us that 
both these abnormalities are the result 
of viral multiplication. 

When virus that has been propagated 
in renal cells is introduced into cultures 
of certain other cells essentially the same 
cytopathogenic effects are observed at 
least during a limited number of pas- 
sages. In Figure 2 are shown the 
changes that occurred 16 days after 
inoculation into human amnion of the 
so-called Edmonston strain of virus. The 
agent had been previously passed 23 
times in cultures of human renal cells. 
Following the addition of this strain to 
cultures of the KB line of human car- 
cinoma cells (developed by Eagle) 
Dekking and McCarthy ?? in our labora- 
tory observed the formation of multi- 
nuclear giant cells. Black and his 
co-workers 12 have described similar 
changes in cultures of the Hep-2 line of 





Figure 2—Formation of Syncytia in Cul- 
ture of Human Amnion Cells Inocu- 
lated 16 Days Earlier with Edmonston 
Strain, from 24th Human Renal Cell 
Passage. Note Normal Appearance of 
Surrounding Epithelial Cells. H and 
E x 160 
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human carcinoma cells. McCarthy 14 
and Rustigian?® independently have 
noted the same effect in cultures of HeLa 
carcinoma cells. In unpublished experi- 
ments we have demonstrated the growth 
of virus in the Detroit 6 line of cells that 
Berman and Stulberg derived from 
human bone marrow, but we have not 
noted the formation of syncytia, al- 
though in stained preparations intra- 
nuclear inclusion bodies were conspicu- 
ous in individual cells. We have also 
seen cells of abnormal appearance in 
cultures consisting predominantly of 
human embryonic fibroblasts that were 
accompanied by multiplication of the 
virus within the system. So far we have 
observed no cytopathogenic effects in 
cultures of bovine amnion cells, chick 
amnion, or chorioallantoic tissues, or in 
chick embryonic tissues to which the 
virus was added. 

Lately we have found that after pro- 
longed cultivatien, in vitro, the cyto- 
pathogenic properties of the virus may 
become altered. Thus the Edmonston 
strain after 23 passages in human renal 
cells has been continuously propagated 
in human amnion cells. During the 14th 
amnion cell passage, in addition to the 
presence of multinuclear giant cells, in- 
creasing numbers of refractile, fusiform, 
or stellate cells were noted that some- 
what resembled fibroblasts. Their ap- 
pearance in the 19th passage is shown 
in Figure 3 along with typical giant cells. 
In successive passages these forms 
tended to predominate or, indeed, in 
certain cultures came to represent the 
only manifestation of viral multiplica- 
tion. In stained preparations intra- 
nuclear inclusions were often found in 
these affected cells. This newly recog- 
nized cytopathogenic effect is of much 
interest from the general biological 
standpoint: it also led us to attempt 
again the cultivation of the virus in 
chick embryos. Later we shall sum- 
marize the results of these experiments. 
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Figure 3—Cytopathogenic Effects in Hu- 
man Amnion Cells of Edmonston Strain 
After 23 Passages in Human Renal 
Cells and 19 Passages in Human 
Amnion Cells. Note Numerous Fusi- 
form Cells Together with Syncytia. 
H and E x 150 


Serological Reactions 


Tests for Virus-Neutralizing Anti- 
bodies—Tests of the capacity of acute 
and convalescent phase sera from 12 
measles patients to prevent the cyto- 
pathogenic effects of the virus have been 
carried out using 100 IDso of virus and 
dilutions of serum increasing by a factor 
of two. The results have clearly shown 
that antibodies develop during the course 
of the disease that prevent the occur- 
rence of both types of cytopathic change 
in cultures of human renal and amnion 
cells.16 19 Thus in the acute phase sera 
of six of these 12 patients no neutraliz- 
ing effect was found in the lowest dilu- 
tions of serum tested, i.e., 1:2-1:8. The 
mean of the convalescent phase serum 
titers was 1:260 with a range from 1:160 
to 1:512. The antibody emerges soon 
after the exanthem is declared and may 
attain a moderate or high level within 
the following seven to 10 days or even 
earlier as appeared to be the case in the 
remaining six cases that were studied. 
Investigation of the persistence of the 
neutralizing antibody over prolonged 
periods has not been undertaken, but it 
can be stated that in a few cases the high 
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concentrations developed early in con- 
valescence are maintained for at least 
two to four months. 

Tests for Complement-Fixing Anti- 
bodies—More extensive data on the 
formation of antibody during the disease 
have been obtained by means of the 
complement-fixation test, since this pro- 
cedure can be carried out with greater 
convenience and rapidity. As antigen 
we have used the fluid removed from 
cultures of human renal or amnion cells 
two or three weeks after infection with ’ 
the virus. By means of the drop technic 
of Fulton and Dumbell 25 pairs of acute 
and convalescent-phase serum from pa- 
tients with measles have been tested.1® 17 
In all cases development of antibody or 
an increase in its initial concentration 
was demonstrated. The mean increase 
for these 25 cases was at least 30-fold. 
In seven instances the first specimen of 
serum was either taken several days 
after the onset when an elevated titer 
was recorded or the end point of the 
convalescent-phase specimen was not 
obtained. Excluding these, the mean 
acute phase serum titer of the remaining 
18 cases was less than 1:4 (range: 
<1:2 to 1:8). In contrast the mean 
convalescent phase serum titer was 
1:160 with a range from 1:32 to 1:512. 
These results, similar to those of. the 
neutralization tests, not only afford 
strong evidence for the etiologic role of 
the virus in measles, but also suggest 
that the complement-fixation test should 
provide a practical diagnostic procedure. 

Further evidence for the relationship 
of the virus to measles was obtained by 
comparing the results of complement- 
fixation tests on the sera of persons with 
either a positive or negative history of 
the disease.!? In this study most of the 
subjects were children under the age of 
10 years. The results are summarized 
in Table 1. It is clear that in a group 
of 54 persons giving a positive history 
the proportion with titers exceeding 1:8 
is about six times greater than among 


Table 1—Correlation of History of 
Measles with Results of Comple- 
ment-Fixation Tests 


History Positive History Negative 
CF Per CF Per 
Titer * No. cent Titer No. cent 
<4 8 15 <4 12 48 


4-8 6 10 
>8 40 75 


4-8 10 40 
>8 3 12 


* Reciprocal of initial dilution of serum giving fixa- 
tion in presence of two units each of antigen and 
complement. 


the group of 25 with negative history. 
Although the numbers in the groups are 
not equal, this difference is clearly sig- 
nificant. The relatively large proportion 
of sera giving positive tests in dilutions 
four to eight from the group with nega- 
tive history suggests that in this range 
nonspecific reactions may often occur. 


Pathogenicity of Virus for Monkeys 


The results of experiments in suscepti- 
ble cynomologus monkeys have indicated 
that two of the strains of virus tested 
after cultivation, in vitro, are capable of 
producing a mild disease comparable in 
most respects to measles in man.?® 18 
The criteria for determining the sus- 
ceptibility of monkeys will be subse- 
quently discussed. When animals were 
inoculated by both the intravenous and 
intranasal routes with virus of the first, 
second, and 23rd tissue culture passages 
several phenomena were noted. Viremia 
was established beginning on the fourth 
or fifth day and continuing thereafter 
for two to five days. An exanthem ap- 
peared soon after the beginning of the 


viremic phase which extended over the 


thorax and abdomen and was especially 
prominent in the axillary and inguinal 
regions. Slight to moderate leucopemia 
developed that was maximal on the ninth 
day. Shortly after the period of exan- 
them, i.e., about two weeks after inocula- 
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tion of the virus, specific complement- 
fixing antibodies appeared in the blood 
and soon attained maximal concentra- 
tions. These high levels were maintained 
for several weeks when they usually be- 
gan to diminish. Antibodies, however, 
were detectable in significant amounts 
at least eight months after inoculation 
of the virus. Not all these phenomena 
were apparent in other animals that were 
inoculated at the same time with por- 
tions of the same preparation of virus. 
In one monkey no exanthem was seen, 
although viremia and antibody response 
were comparable to those of animals 
exhibiting a rash; another responded 
only by the development of a slight 
leucopemia and the production of anti- 
body. It is evident, then, that suscepti- 
ble monkeys may vary considerably in 
their reaction to infection with this 
agent. 

We have emphasized the fact that only 
susceptible animals may be expected to 
react in these varieus ways because early 
in our work 1" we found that a majority 
of normal rhesus and cynomologus 
monkeys that had been held fer some 
time in three laboratories in this coun- 
try possessed complement-fixing anti- 
bodies for the measles agent. In these 
tests the sera of 16 rhesus and eight 
cynomologus monkeys were examined. 
Antibody was found in 14 of the rhesus 
sera and in all the cynomologus sera. 
Neutralizing antibody was also detected 
in the few specimens that were tested. 
Ruckle +! has lately reported similar 
findings and in addition has iso- 
lated an agent from monkey kidney 
tissue that so far is indistinguishable 
from human measles virus. The prob- 
lem, however, of the origin of the agent 
responsible for the presence of these 
antibodies in apparently normal mon- 
keys has not yet been solved. We are 
inclined to believe, for reasons that have 
been discussed elsewhere at length,?® that 
it is probably identical with human 
measles virus and is derived either di- 
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rectly or indirectly from cases of the 
disease in man. The most cogent evi- 
dence in favor of this view lies in the 
fact .that no complement-fixing anti- 
bodies capable of reacting with the 
Edmonston strain of virus were found 
in the sera of 31 cynomologus monkeys 
bled soon after their capture in the for- 
ests of Malaya and the Philippines. 
However this may be, it is obvious that 
the presence of antibodies reacting with 
measles virus in laboratory monkeys 
probably accounts for the discrepant re- 
sults obtained by past workers in at- 
tempts to reproduce the disease in these 
animals. 


Multiplication of the Virus in Chick 
Embryos 


We referred at the beginning to the 
uncertainty that has continued respecting 
the capacity of measles virus to multiply 
in the developing chick embryo. Ac- 
cordingly, after the means of isolating 
the agent and assaying its infectivity 
in tissue culture had been established, 
we proceeded to determine whether cer- 
tain of our nine strains could be propa- 
gated in this host. Five of these strains 
maintained in renal cells since their iso- 
lation have been tested. The various 
routes of inoculation included the amni- 
otic and yolk sacs and the chorioallan- 
toic membrane. An incubation period 
of from four to six days was adopted 
following the procedure of Rake and 
Shaffer.” In our experiments two or 
three egg passages were made in the 
case of each strain and tests for the 
presence of virus in embryonic materials 
were carried out in cultures of human 
renal cells. In no instance was evidence 
of viral multiplication obtained. 

Subsequently, when the variation in 
cytopathogenic properties of the Edmon- 
ston strain occurred, the possibility 
arose that this change might be accom- 
panied by an alteration in the capacity 
of the virus to multiply in the chick 


embryo. A series of egg passages was 
therefore initiated. The inoculum con- 
sisted of virus from the 28th passage in 
human amnion cell and was introduced 
into the amniotic sac of the chick em- 
bryo. This route was selected with the 
thought that virus adapted to growth in 
human amnion cells might more readily 
proliferate in the analogous cells of the 
developing chick. After inoculation the 
embryos were incubated for nine days 
at 35° C—a longer period than previ- 
ously allowed. The inoculum used as 
routine in subsequent egg passages con- 
sisted of amniotic fluid. In collateral 
passage lines suspensions of amniotic 
and chorioallantoic membranes mixed 
with the corresponding fluid were also 
employed. In each passage after the 
first the concentration of virus in various 
embryonic constituents was determined 
by titration in cultures of human amnion 
cells. The agent has now been main- 
tained throughout seven serial passages. 
It continues to induce the formation of 
fusiform and stellate cells when trans- 
ferred to cultures of human amnion cells 
(see Figures 4 and 5). In each of 


the last four passages multiplication was 
demonstrated by the titrational data. For 
example, the mean number of 50 per 
cent tissue culture infecting doses intro- 
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Figure 4—Effect of Edmonston Strain 
from Third Chick Embryo Passage in 
Human Amnion Cells, 14 Days After 


Inoculation of Virus. H and E x 180. 
Note Fusiform Gells and Syncytium 








Figure 5—Cells from Same Culture 
Shown in Figure 4 x 750. Note Inclu- 
sion Bodies in Fusiform Cells 


duced in the amniotic fluid employed as 
inoculum was 16, whereas on the aver- 
age about 2,000 TC IDs per 0.1 ml were 
found in the amniotic membrane at the 
time of harvest. The identity of the 
agent recovered from the fourth egg 
passage was confirmed in neutralization 
tests using human and monkey acute 
and convalescent phase sera as well as 
in complement-fixation tests in which 
the antigen consisted of fluid from in- 
fected human amnion cell cultures inocu- 
lated with the egg-passaged virus. A 
complete account of these experiments 
is in preparation.1® 

When it was found that multiplication 
of this strain occurred in the developing 
chick it obviously became of interest to 
determine whether it could be cultivated 
in cultures of chick embryonic tissues. 
Experiments of this sort are now in 
progress and the results so far suggest 
that multiplication does occur under 
these conditions. | 


Discussion 


In conclusion, we shall offer brief 
comment on the results of the investiga- 
tions that have here been summarized. 
We believe that they have provided tools 
whereby the virus can be readily iso- 
lated, its infectivity accurately deter- 
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mined, and its pathogenic, immunogenic, 
and other biologic properties analyzed. 
Using these tools progress already has 
been made toward the elucidation of 
certain long-standing problems, such as 
the cause of variation in the natural 
resistance of monkeys and the question 
of the susceptibility of the chick embryo. 
Among others that remain to be explored 
is the nature of the relationship of the 
virus to postmeasles encephalitis, de- 
termination of the true incidence of in- 
apparent infection and of second attacks 
of measles, the duration of immunity 
as indicated by the persistence of anti- 
body in the blood, and the determination 
of whether dermal hypersensitivity to 
the virus develops after infection. 

From the more immediate, practical 
standpoint it is evident that methods of 
directly assaying the antibody content of 
different preparations of gamma globu- 
lin or other materials used in the pro- 
duction of passive immunity are already 
at hand.1® 17 It also seems that ground- 
work has been established for future 
studies directed toward the development 
of vaccines whether composed of attenu- 
ated or inactive virus. We are encour- 
aged to believe that progress toward 
this objective was made when we suc- 
ceeded in propagating the agent in chick 
embryos. In our opinion virus grown 
under these conditions or in cultures of 
chick tissue would represent the most 
suitable material for the preparation of 
vaccine. There is a potential risk in 
employing cultures of primate cells for 
the production of vaccines composed of 
attenuated virus, since the presence of 
other agents possibly latent in primate 
tissues cannot be definitely excluded by 
any known method. For the preparation 
of inactive virus vaccine chick embry- 
onic tissue would also appear to be 
advantageous. Not only would it afford 
relative assurance of the absence of 
extraneous viruses in the starting mate- 
rial, but also greatly reduce the cost of 
manufacture. 
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Much investigation, however, will be 
necessary before such considerations be- 
come of major importance, since first it 
must be determined whether multiplica- 
tion of the virus in chick tissue will con- 
tinue indefinitely, whether sufficient viral 
antigen is produced under these circum- 
stances to be immunogenic when inacti- 
vated, or whether attenuation of patho- 
genicity for monkey and man may occur 


as 


a result of passage in chick tissue. 


All these questions future investigation 
must answer. 


. Shaffer, 
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